The trailing vortex induced aerodynamic loads on a Falcon 20G business jet flying in the wake of a DC-8 are predicted to provide a preflight estimate of safe trail distances during flight test measurements in the wake. Static and dynamic loads on the airframe flying in the near wake are shown at a matrix of locations, and the dynamic motion of the Falcon 20G during traverses of the DC-8 primary trailing vortex is simulated. Safe trailing distances for the test flights are determined, and optimum vortex traverse schemes are identified to moderate the motion of the trailing aircraft during close encounters with the vortex wake.
I. Introduction
he NASA ARMD Fundamental Aeronautics Program's Subsonic Fixed Wing project conducted experimental flight tests to investigate the potential for alternative fuels to reduce the impact of aviation on air quality and climate. 1 Two series of flight tests in 2013 and 2014 by the Alternative Fuel Effects on Contrails & Cruise Emissions (ACCESS) project were accomplished using a NASA DC-8-72 transport jet aircraft ( Fig. 1 ) modified to burn alternative fuel and a NASA Falcon 20G (HU-25C) business jet (Fig. 2 ) that was specially instrumented to collect engine exhaust emission data.
Prior to the flight tests, it was necessary to conduct an independent analysis of the maximum vortex induced loads on the HU-25C for pre-flight safety analysis and to define safe trail distances for the flight tests. Since there were planned excursions through the DC-8 trailing vortices during ACCESS-II, optimum traverse procedures needed to be investigated to understand the HU-25C dynamic structural loads and to provide the pilots with advance information on the handling of the aircraft during these close encounters. The objectives of this paper are to describe the methodology used to predict the static and dynamic trailing vortexinduced loads on the HU-25C airframe and to predict the motion of the aircraft in the close proximity of the DC-8 trailing vortex system. Safe trail distances for the flight tests are defined by the maximum induced loads and bending moments on the tail components of the HU-25C.
T

II. Background
The ACCESS research team was tasked to conduct experimental tests to investigate the potential for alternative fuels to reduce the impact of aviation on air quality and climate. A series of flight tests in 2013 and 2014 were planned using a NASA DC-8-72 transport jet aircraft, modified to burn biofuel in some engines, and a NASA Falcon 20G (HU-25C) business jet aircraft, instrumented to collect engine exhaust emission data. The HU-25C was to collect data behind the DC-8 at cruise altitudes within two experimental zones referred to as the "near field" and the "far field." Near-field distances were usually measured as multiples of leader aircraft wingspan lengths behind the leader aircraft. Far-field distances were usually measured in nautical miles behind the leader aircraft. In the initial flight tests for ACCESS-I in 2013 the Falcon pilot deliberately avoided direct contact with the DC-8 wake vortices, but for ACCESS-II in 2014 the HU-25C pilot deliberately traversed the wake vortices.
One safety hazard identified with flying in close proximity to the DC-8 trailing wake vortices was structural failure of components of the airframe. The ACCESS team made estimates of the trailing vortex-induced aerodynamic loads on the HU-25C using a simplified aerodynamic model, and a safe operating flight envelope was developed based on maintaining maximum induced loads less than 70% of the design limit loads for the critical components of the aircraft.
Figure 3. ACCESS Flight Test.
By request of the ACCESS Project, 2 the NASA Engineering Safety Center (NESC) formed a team to provide an independent assessment of the safe trail distance of the HU-25C aircraft in the wake of the DC-8 and in close proximity with the trailing vortices. The approach for this independent assessment involved the following:
 Determine the wake flow conditions for the area to be probed.  Compare certification loads for the probing aircraft to the predicted maximum induced loading from DC-8 trailing vortices and determine a safe operating envelope.  Evaluate crew safety/egress during wake vortex traverses. These specific topics are the focus of the work reported in this paper. It should be noted that time and resources available to the NESC team and the large number of flight conditions to be examined did not permit the use of wind tunnel testing or computational fluid dynamics. Instead, the team used proven aerodynamic prediction tools which were readily available for application to this problem. These tools and the flow models are described in the following sections.
III. Technical Approach
A. Aircraft Models
Sufficient geometry data are available to create analysis models for both the DC-8 and HU-25C aircraft with panels. Both aircraft were modeled in cruise, and both aircraft were trimmed under free-stream flight conditions by iterating on angle of attack and horizontal tail deflection until zero pitching moment was achieved at lift equal to weight. Thrust was presumed to be equal to drag under trimmed conditions, and the center-of-gravity location was assumed to be at the quarter-chord of the mean aerodynamic chord. The nominal trim angle of attack of the DC-8 was approximately 1.35°, and the trim angle of attack of the HU-25C was approximately 1.0° based on these assumptions. When the HU-25C needed to be trimmed in roll under the influence of the DC-8 wake, a constant roll moment was added to the wings to counter the wake-induced rolling moment. Note that the trim conditions changed for each weight, speed, and altitude considered for the flight tests.
DC-8
HU-25C
B. Trailing Vortex Models
The trailing vortex wake associated with the DC-8 must be modeled such that a realistic induced velocity field can be produced to interact with the HU-25C at various locations aft of the DC-8. Traditional and proven vortex modeling techniques were selected to predict the vortex-induced velocities acting on the HU-25C at any position relative to the DC-8 wake.
The wake aft of the DC-8 is a product of the aircraft model, and immediately aft of the airplane, the wake can be represented as a distribution of discrete vortices originating along the span of the wing and horizontal tail. The flow models used for the wake interference can handle this distribution of vortices; however, these vortices tend to roll up very quickly into a primary trailing vortex from the wing and one from the tail. The DC-8 wake model used for the interference calculations described below is a simplified model made up of a wing primary trailing vortex and several other vortices originating from the inner wing segment and the horizontal tail. Note that the trailing vortices are not allowed to move in space, and the HU-25C is located relative to the fixed vortex locations. In the current model, the HU-25C does not influence the position of the DC-8 vortices, but the vortices are not allowed to penetrate the HU-25C airframe.
The theoretical tangential velocity induced by a potential trailing vortex has a singularity at the center of the vortex, and there are several historical core models available to represent the viscous core of the vortex. The core diameter is usually defined as a percent of the wing span of the generating aircraft, and for this analysis the core diameter was varied from 1% to 3% of the DC-8 span. The core radius impacts the maximum induced loads on the HU-25C, but only over a small spatial region around the trailing vortex.
There are different models for the velocity profile through the vortex core, and the choice of this model can have an impact on the level of conservatism in the results. Two common models for the velocity profile through the vortex core are the Lamb-Oseen model and the Burnham-Hallock model. The details of these models are described in Refs. [3] [4] [5] , and examples of the two velocity profiles are shown in Fig. 4 for a core radius equal to 1% of the DC-8 wing span. The Burnham-Hallock model with a core diameter of 1.5% of the DC-8 wing span was used for most of the results to follow.
Figure 4. Velocity Profiles Through a Trailing Vortex.
In addition to the vortex core model, it has been observed that the strength of the trailing vortex decays with distance aft of the generating aircraft. A three-phase model of vortex strength decay as a function of distance behind the DC-8 (weak decay in the near field, followed by rapid decay as the vortices rolled up, followed by gradual decay in the mid and far field) was based on the results described in Refs. 3-5.
C. Aerodynamic Prediction Methods
The NESC team performed aerodynamic loads and flight dynamics studies using Nielsen Engineering and Research (NEAR) aerodynamic prediction codes: the STRLNCH store separation analysis tools (Refs. 6-9) and the Missile Distributed Loads (MISDL) codes (Refs. [10] [11] [12] [13] [14] [15] [16] . These were developed by NEAR and have been validated with flight data for numerous applications. They have the advantage of being fast running and suitable for the large number of simulations required for this independent assessment.
The MISDL code was used to model the DC-8 and HU-25C aircraft. The DC-8 was modeled to determine its trailing vortex wake at trimmed flight conditions. The HU-25C was modeled to predict the aerodynamic loads acting on it in the free stream and when immersed in the trailing wake of the DC-8 aircraft. MISDL is a singularity and panel-method-based aerodynamic prediction method, which includes high-angle-of-attack body and lifting surface vortex models, rotational rates, and nonuniform flow effects. MISDL is capable of modeling noncircular bodies and surfaces with arbitrary planforms, orientations, and dihedral angles. Rotational rates and nonuniform flow effects are included in the modeling so that flight dynamic analyses can be performed. MISDL uses classical aerodynamic flow models based on solving potential flow equations, Laplace's equation with compressibility corrections, classical singularity methods augmented with body and fin vortex modeling, and wing stall models based on empirical data. Shown on each side for a full DC-8 wingspan is one primary wingtip vortex, one secondary vortex associated with an inner wing feature, and two horizontal tail vortices. Engines and pylons were not modeled for this analysis. The size of each symbol represents the relative strength of each vortex. The color represents strength and rotational direction; positive is counterclockwise when viewed looking forward. It can be seen that on a given side of the aircraft, the horizontal tail vortices are opposite in direction to the wing vortices because the wings are generating positive lift and the horizontal tails are generating aerodynamic down forces to balance the aircraft in pitch. Two "centroid" vortices are also shown. These are the vortex-strength * position weighted averages of all of the vortices on each side of the aircraft.
The DC-8 trailing wake induced velocity field for a nominal flight condition is shown in Fig. 7 . Vectors represent velocity components in the Y-Z plane at the DC-8 tail location. Colors represent these vector component values relative to the free-stream velocity. No decay of the vortex strength has been included for this example. 
D. Trajectory Simulations
The NEAR STRLNCH aircraft store separation simulation code (Refs. 6-9) was used to model and predict 6-DOF uncontrolled (stick-fixed) trajectory characteristics of the HU-25C aircraft starting at selected positions directly behind the DC-8. This method had previously been validated with wind-tunnel and flight-test data for many 6-DOF trajectory simulations and flow-field studies for a variety of configurations as documented in Refs. 8, 9, and 17-22. STRLNCH can model flow effects due to combined angle of pitch and sideslip, as well as rotational rates. The aerodynamic prediction methods described above were used to model HU-25C aerodynamic forces and moments for the simulation. A breakdown of forces and moments on each aircraft component during the simulation is available to determine maximum vortex induced effects.
For each simulation, the HU-25C is trimmed for the selected flight path at the starting point. The HU 25C is released with no control inputs during the simulation, and each trajectory simulation is run for a fixed time or until the aircraft is out of the influence of the DC-8 trailing wake.
IV. Results
A. Static Loads
The static loads on the HU-25C were predicted at a matrix of locations aft of the DC-8. Overall vortex-induced loads on the aircraft and component loads and bending moments were obtained for a number of flight test conditions and trail distances behind the DC-8. The HU-25C in a cruise trim attitude was placed in the trailing vortex field, and the aerodynamic characteristics in the nonuniform velocity field were calculated. Contour maps were created in a Y-Z plane to illustrate aircraft loads. Example results for the HU-25C aerodynamic characteristics in one flight test condition are shown below for zero trail distance to illustrate the worst case static loads. No vortex decay was used for these near-field results. Computed results for induced rolling moment (Cl), induced normal force (ΔCN), induced pitching moment (Cm), induced side force (CY), and induced yawing moment (Cn) coefficients acting on the HU-25C are shown in Figs. 8-12. In the color contour maps shown below, the HU-25C nose placed at a point (Y, Z) in the DC-8 flow field will produce the aerodynamic characteristic on the aircraft defined by the color bar at the right of each map. Note that the primary DC-8 vortex location (Y = -60, Z = 2) is shown as a white circle in each figure. For example, in the figures below, the HU-25C (Falcon) aircraft is illustrated with the nose located at point (-50,-50). If the nose is moved to the point (-60, 0), the rolling moment coefficient on the HU-25C is about 0.28 due to the induced flow from the DC-8 primary trailing vortex, The calculations to generate a set of contour maps for a specific flight condition requires more than 2,000 simulations with the NEAR STRLNCH/MISDL method, and multiple flight conditions and trailing distance were studied over the course of the investigation. 
Figure 12. Induced Yawing Moment Coefficient (Cn).
Similar contour maps were generated for the induced normal forces and bending moments on the HU-25C aerodynamic surfaces for the matrix of locations behind the DC-8 at a range of trail distances. Since the tail components are the most likely to exceed the design limit loads due to vortex interactions, the induced normal force and root bending moment coefficients for the individual tail surfaces are shown below. 
Figure 18. Near-Field Map of HU-25C Left Horizontal Tail Bending Moment Coefficient (CBM23).
B. HU-25 Trajectory Simulations
Dynamic trajectory simulations of the HU-25C in the DC-8 trailing wake were made to study the changing vortex-induced component loads during traverses of the primary trailing vortex. The purpose of these simulations of both vertical and horizontal traverses was twofold. First, it was important to understand if there was a difference in component vortex-induced loadings for the horizontal and vertical traverses. Second, it was of interest to understand the reaction of the HU-25C to a close encounter with a strong trailing vortex to forewarn the pilots of possible extreme flight conditions.
The flight test plan for a vertical traverse of the DC-8 trailing vortex with the HU-25C was to descend through the vortex from above. The HU-25C was trimmed at an initial position 100 ft. above the trailing vortex, such that the aircraft would descend at a 2-degree flight path angle upon release. It would descend stick-fixed into the vortex or wherever the induced flow field dictated it to go. The release point above the vortex was varied from directly above the DC-8 trailing vortex (y=-60 ft.) to approximately 35 ft. outboard of the vortex (y=-95 ft.). All trajectories were run for seven seconds. The position of the HU-25 is shown every 0.5 seconds to illustrate the trajectory in the following figures. Trail distance of 0 nm was used for these trajectory simulations because trajectories will be more benign at greater trail distances. A similar parametric study of horizontal or lateral flight traverses through the trailing vortex was conducted. The initial study varied the heading angle from 20 degrees to two degrees with the HU-25C at the same height as the primary DC-8 vortex. The influence of the heading angle on the maximum empennage root bending moment is shown in Fig. 24 . Notice that at low crossing angles, the bending moment is low, but this is because the primary DC-8 vortex kicked the HU-25C away from the vortex before it had an opportunity to penetrate the vortex. The large crossing angles were determined to not give the HU-25C enough test time in the vicinity of the vortex, so a heading angle of six degrees was selected as a compromise for the lateral traverses. The HU-25C was trimmed at the specified heading angle, six degrees toward inboard, at an initial location approximately 100 ft. outboard of the DC-8 trailing vortex (Y = -160 ft.), and at vertical positions between 5-ft. above the vortex to 5-ft. below the vortex. The stick-fixed trajectory simulations were run as before, and the lateral trajectory simulations are shown below. Animations of these trajectory simulations were used for a visual assessment of the dynamic effects and a better understanding of the HU-25C flight characteristics under the influence of the DC-8 wake.
C. Dynamic Loads
For each of the trajectory simulations, the time history of the aircraft flight conditions and attitude, the overall aerodynamic forces and moments, and the aircraft component loads and bending moments are available.
The motion characteristics of the HU-25C during a vertical traverse starting directly above the DC-8 primary vortex is shown in Fig. 30 . This is the trajectory illustrated in Fig. 19 . The vortex induced load on a tail component depends on the relative position of the primary vortex with respect to the HU-25C, and the maximum load on each component can occur at a different time in the trajectory. An illustration of the impact of small trajectory changes on the maximum root bending moment on the empennage is shown in Fig. 31 . Notice that the dramatic reduction in bending moment at Y(0)<84 ft. is caused by the HU-25C rolling outboard away from the primary vortex. The HU-25C motion characteristics during a horizontal traverse through the DC-8 primary vortex is shown in Fig. 32 for an initial starting point at the same vertical level as the vortex. The simulation corresponding to this result is similar to that shown in Fig. 27 . The bottom segment of Fig. 32 shows the time history of the root bending moments of the tail components. The time histories of the component loads from the lateral trajectories produced the maximum empennage root bending moments as shown in Fig. 33 . Note in this figure that maximum (positive) and minimum (negative) values for the bending moment are shown for each initial vertical starting position. The empennage is loaded in both directions during a trajectory, but in these cases, the negative moment is always the largest magnitude.
Figure 33. Effect of HU-25C Initial Vertical Position on Maximum Empennage Root Bending
Moment in a 6-Degree Lateral Traverse at 0 nm Trail Distance.
D. Safe Trail Distance
The project's objective was to define by analysis a safe trail distance for the flight test. As discussed previously, the safe trail distance is that distance aft of the DC-8 at which the maximum bending moment on the HU-25C tail does not exceed 70% of the design limit load. The critical tail load condition location was at first assumed to be at the empennage root, but this was later revised based on manufacturer information to be at the horizontal tail junction with the vertical tail.
Figure 34. Trailing Vortex Positions for Trail Distance Validation.
For the validation of the ACCESS project safe trail distances, the NEAR model was run with the DC-8 trailing vortex fixed at four specific locations with respect to the HU-25C tail section as shown in Fig. 34 . Position 1 is at the tip of the vertical tail, position 2 is near the root of the vertical tail, and position 3 is at the tip of the left horizontal tail. Position 4 at the tip of the right horizontal tail produces nearly identical results as position 3 and will not be shown.
For the results to follow, the DC-8 weights are 170,000 and 230,000 lbs, and the flight conditions are Mach 0.6 at 33,000 ft. The maximum empennage root bending moments for the primary DC-8 vortex in positions 1 through 3 are shown in Figs. 35-37, respectively. Note that 70% DLL is shown as the green dashed line. The maximum horizontal tail junction bending moments for the three vortex locations are shown in Figs. 38-40. These results verified the ACCESS project team estimate of 15 nm as a safe trail distance; however, they were also less conservative than the project estimates and showed much closer safe trail distances for certain trailing vortex positions with respect to the HU-25C tail. 
V. Conclusions and Discussion
The independent static loads analyses described in this paper corroborated the project-determined safe test flight trail distances, and the test flights were conducted safely and with test results generally consistent with predictions during the close encounters with the DC-8 trailing vortices.
The flight characteristics experienced by the HU-25C trailing aircraft during vortex traverses were consistent with the dynamic simulation predictions according to pilot comments. The simulation results shown above, that a lateral traverse through the DC-8 vortex is more benign in pitch, roll, yaw, than a vertical traverse, dictated a change in the test flight procedures.
